Orthorhombic LiMnO 2 nanoparticles and LiMnO 2 nanorods have been synthesized by hydrothermal methods. LiMnO 2 nanoparticles were synthesized by simple one-step hydrothermal method. To obtain rod-like LiMnO 2 , -MnOOH nanorods were fi rst synthesized and then the H + ions were completely replaced by Li + resulting in LiMnO 2 nanorods. Their electrochemical performances were thoroughly investigated by galvanostatic tests. Although the LiMnO 2 nanoparticles have smaller size than LiMnO 2 nanorods, the latter exhibited higher discharge capacity and better cyclability. For example, the discharge capacities of LiMnO 2 nanorods reached 200 mA·h/g over many cycles and remained above 180 mA·h/g after 30 cycles. However, the maximum capacity of LiMnO 2 nanoparticles was only 170 mA·h/g and quickly decreased to 110 mA·h/g after 30 cycles. Nanorods with one-dimensional electronic pathways favor the transport of electrons along the length direction and accommodate volume changes resulting from charge/discharge processes. Thus the morphology of LiMnO 2 may play an important role in electrochemical performance.
Introduction
Rechargeable Li-ion batteries, as the major kind of portable power source, have been widely used in consumer electronics, mobile phones, and electric vehicles [1 4] . As the performance, price, and safety of Li-ion batteries mainly depend on the properties of the cathode materials, considerable attention has been paid to the search for, and development of, high capacity, cheap and safe cathode materials [5] . LiCoO 2 , the first commercially successful cathode material for Li-ion batteries, was introduced by the Sony Corporation in 1990 and is still used today. It has a well-ordered layered crystal structure, which is easily prepared and enables a fast and reversible lithium intercalation [6] . However, the high price and Nano Res (2009) 2: 923 930 toxicity of LiCoO 2 have driven researchers to seek alternative materials in recent years. Manganesebased cathodes, including LiMn 2 O 4 and LiMnO 2 , are very promising candidates because their price and safety characteristics generally seem to be superior to cobalt or nickel oxides [6] . LiMn 2 O 4 has been much studied as a cathode material [7 10 ]. Another candidate, LiMnO 2 , has a layered structure similar to that of LiCoO 2 . This structural analogy motivated us to prepare and study its performance as a cathode material. The theoretical discharge capacity of layered LiMnO 2 is 285 mA·h/g [11] , which is much higher than LiMn 2 O 4 and LiCoO 2 . As a result, layered LiMnO 2 is of high fundamental and technological interest as a cathode material for rechargeable lithium batteries.
In most previous reports, the synthesis of LiMnO 2 involved solid state methods [12 14] or hydrothermal methods [15 18 ]. Other synthesis methods including sol gel methods [19] , Pechini's route [20] , and reverse microemulsion processes [21] have been less widely used. Hydrothermal synthesis is an effective method for preparing nanostructured materials [22, 23] . At the same time, there is growing evidence that nanostructured battery electrode materials show better power performance. The main advantages of nanostructured battery electrode materials included short path lengths for Li transport, the large electrode-electrolyte contact giving higher charge/discharge rates, and better accommodation of the strain thus improving cycle stability [24 26 ]. Layered LiMnO 2 has two main crystal polymorphs, orthorhombic and monoclinic [16] . Since the monoclinic phases is very hard to obtain [27] , most studies of layered LiMnO 2 have concentrated on the orthorhombic phase, o-LiMnO 2 . So, here, we firstly synthesized orthorhombic LiMnO 2 nanoparticles by a one-step hydrothermal method and tested its electrochemical performance. However, the discharge capacity and cyclability of o-LiMnO 2 nanoparticles were not satisfactory. Subsequently, we synthesized single-crystalline and uniform size -MnOOH nanorods, which were transformed into pure-phase o-LiMnO 2 nanorods in a hydrothermal process. Very interestingly, the LiMnO 2 nanorods exhibited higher charge storage capacity and better cycle stability than the LiMnO 2 nanoparticles. Although o-LiMnO 2 nanorods have previously been synthesized and their electrochemical performances investigated [17, 18] , in this paper we focus on why the nanorods exhibited better electrochemical performance than the nanoparticles.
Experimental

Synthesis of LiMnO 2 nanoparticles
Under stirring, 40 mL of 7.5% H 2 O 2 was slowly added to 1.0 g of MnSO 4 and 2.4 g of LiOH H 2 O. The mixed reactants were transferred into an autoclave (50 mL) and heated at 200 °C for 12 h. The system was then allowed to cool to room temperature. The products deposited at the bottom of the vessel. The resulting powder was washed with distilled water several times and subsequently dried at 60 °C.
Synthesis of -MnOOH nanorods
0.7 g of KMnO 4 and 0.5 g of cetyltrimethylammonium bromide (CTAB) were dissolved in 40 mL of H 2 O. The mixed reactants were transferred into an autoclave (50 mL), sealed, and heated at 180 °C for 12 h. The system was then allowed to cool to room temperature. The resulting powder was washed with ethanol several times and then with distilled water several times, and subsequently dried at 60 °C.
Synthesis of LiMnO 2 nanorods
3.0 g of LiOH H 2 O was dissolved in 40 mL of H 2 O, and then 0.5 g of the as-prepared -MnOOH nanorods were added. After stirring for 10 min, the mixture was transferred into an autoclave (50 mL) and heated at 200 °C for 8 h. The product was washed with distilled water several times and subsequently dried at 60 °C.
Characterization
T h e X -r a y d i ff r a c t i o n ( X R D ) p a t t e r n s w e re collected by using a Rigaku D/max 2500Pc X-ray diffractometer with Cu K radiation ( = 1.5418 Å). The size and morphology of samples were investigated with a Leo-1530 fi eld-emission scanning electron microscope (FESEM). The powders were Nano Res (2009) 2: 923 930 dispersed in ethanol to prepare the SEM samples.
Electrochemical measurements
The electrochemical properties of the LiMnO 2 samples were evaluated using coin type cells with lithium metal as the counter electrode. The working electrode was fabricated by mixing the active material, acetylene black, and polyvinylidene fl uoride (PTFE) with a weight ratio 80:10:10. The electrolyte was a 1 mol/L LiPF 6 solution in a 1∶1 mixture of ethylene carbonate (EC)/diethyl carbonate (DEC) and the separator was Celgard 2500. The cell was assembled in a glove box fi lled with highly pure argon gas. The galvanostatic charge/discharge experiments were performed between 2.0 and 4.5 V at different current densities.
Results and discussion
Phase formation and morphology characterization
LiMnO 2 nanoparticles were synthesized by a onestep hydrothermal method using MnSO 4 , LiOH, and H 2 O 2 . The reaction is believed to take place in three steps. Firstly, MnSO 4 and LiOH formed Mn(OH) 2 in solution, which was quickly oxidized into Mn(OH) 3 by H 2 O 2 and air. Then Mn(OH) 3 was transformed into LiMnO 2 on heating in LiOH solution. The overall process can be expressed as The XRD pattern of the product (Fig. 1) agreed well with the reported pattern for orthorhombic LiMnO 2 (JCPDS 86-0356) except for the peak at 2 = 18.6° (marked " "), which can be attributed to LiMn 2 O 3 .
To obtain rod-like LiMnO 2 , -MnOOH nanorods were fi rst synthesized using CTAB as a reductant for transforming Mn 7+ (KMnO 4 ) into Mn 3+ , and then the H + ions in -MnOOH were completely replaced by Li + resulting in LiMnO 2 nanorods. In the XRD pattern of the precursor (Fig. 2(a) transformed into LiMnO 2 (see Fig. 2(b) ). No impurity phase was detected. The chemical reaction can be formulated as Nano Res (2009) 2: 923 930 The size and morphology of the samples are shown in Fig. 3 . As shown in Fig. 3(a) , the LiMnO 2 prepared from MnSO 4 was composed of nanoparticles, the majority having a size of 20 30 nm with a minority being as large as 200 nm. The SEM image of -MnOOH (Fig. 3(b) ) shows that the material consisted mainly of uniform nanorod structures with typical diameters in the range 200 300 nm and length of up to tens of micrometers. As shown in Fig. 3 (c) , the LiMnO 2 prepared from -MnOOH retains the rod-like morphology of the precursor even though the reaction was carried out at high temperature and high alkali concentration. An overview SEM image (Fig. 3(c) ) shows that the LiMnO 2 nanorods were interconnected to form a porous network architecture.
Electrochemical performance
The electrochemical performance of as-prepared LiMnO 2 nanoparticles and LiMnO 2 nanorods were investigated. The discharge curves of LiMnO 2 nanoparticles and LiMnO 2 nanorods during first five cycles are shown in Figs. 4(a) and 4(b) , respectively. The initial discharge curve exhibited a long potential plateau at about 3.0 V (vs. Li + /Li), which is characteristic of LiMnO 2 . A plateau of about 4.0 V was observed from the second cycle onwards, which indicates LiMnO 2 had transformed into a spinel phase. It has previously been reported [16, 18] that this structural transformation is unavoidable during electrochemical cycling. For both LiMnO 2 nanoparticles and LiMnO 2 nanorods, the first three cycles involved the activation process and the capacities were lower than the maximum. By only the fourth cycle, however, the discharge capacities reached maximum value. Compared with other materials such as those reported by Zhou et al. [18] requiring 12 cycles, and by Idemoto et al. [13] and Wei et al. [14] requiring as many as 30 cycles, our materials were easy to activate and quickly reached their normal capacities; this can be attributed to the high reaction activity and fast Li-ion transportion of nanosized crystallites. For solid state diffusion of Li in an electrode material, the mean diffusion time (t) can be expressed by the following formula [28] :
where L is the diffusion length, and D is the diffusion coefficient. If we decrease the diffusion length L, through using nanostructured electrode materials, the mean diffusion time (t) will be significantly reduced. Thus, the nanostructured LiMnO 2 with its smaller particles and shorter diffusion length gains more momentum and can be activated faster than conventional micrometer-sized materials. The discharge capacities and cycle stability of LiMnO 2 nanoparticles and LiMnO 2 nanorods were also compared. Plots of discharge capacities versus cycle number at a rate of 15 mA/g are shown in Fig. 5 . The LiMnO 2 nanorods clearly exhibited higher discharge capacity and better cyclability than LiMnO 2 nanoparticles. The discharge capacities of LiMnO 2 nanorods reached about 200 mA·h/g over many cycles and then slowly decreased. After 30 cycles, the discharge capacities still remained above 180 mA·h/g. In contrast, the maximum discharge capacity of LiMnO 2 nanoparticles only reached 170 mA·h/g and quickly decreased to 110 mA·h/g after 30 cycles, corresponding to a rapid capacity fading of about 35%. Therefore, the charge/discharge process of the 30th cycle was investigated in detail and the results shown in Fig. 6 . In the case of the nanoparticles (Fig. 6(a) ), the plateau was tilted and asymmetric. The LiMnO 2 nanorods, however, still displayed a long and fl at 3.0 V plateau, which suggests that orthohombic LiMnO 2 with a rodlike structure is more stable and better able to accommodate volume changes resulting from the charge/discharge processes.
Though the LiMnO 2 nanoparticles had smaller size than the LiMnO 2 nanorods, the latter exhibited higher discharge capacity and better cyclability. We conclude that the morphology of LiMnO 2 can play an important role in electrochemical performance. Nano Res (2009) 2: 923 930 The excellent electrochemical performance of LiMnO 2 nanorods results from their one-dimensional nanostructure, which facilitates transport of charge and electrons along the length direction. Furthermore, the one-dimensional nanostructure can provide more reaction sites which accelerate the charge/discharge processes [29] . Previous comparison of many kinds of nanostructured battery electrode materials, including nanoparticles, nanotubes, nanowires, and nanorods, has also demonstrated that one-dimensional nanomaterials like nanowires or nanorods are particularly attractive [26, 30 33 ]. Cui's group has reported that LiMn 2 O 4 nanorods have a higher charge storage capacity at high rates compared with commercially available powders [9] . Zhou et al. also reported that LiMn 2 O 4 nanowires have very highpower density and the discharge capacities at rates of 0.1, 5, 10, and 20 A/g reached 118, 108, 102, and 88 mA·h/g, respectively [10] . In addition, as observed by scanning electron microscopy (SEM) (Fig. 3(c) ), the LiMnO 2 nanorods have an interdigitated space distribution, which helps to diffuse the electrolyte and also reduces the stress resulting from the charge/ discharge process, which in turn, suppresses the loss of discharge capacity. A similar phenomenon has been observed by Chen's group [34] .
In terms of their practical application as cathode electrodes in rechargeable lithium batteries, the rate capability of materials is particularly important [35] . Since the LiMnO 2 nanorods displayed high discharge capacities and good cycle stability, their rate capability was also investigated. The discharge capacities as a function of discharge rates at 20, 40, 100, and 200 mA/g were evaluated and are shown in Fig. 7 , where the charge/discharge cycle was carried out 10 times at every rate. On the whole, the discharge capacity decreased significantly with increasing discharge rate. At low discharge rates, like 20 and 40 mA/g, the discharge capacity and the cyclability were close to ideal and the discharge capacity approached 170 mA·h/g at a rate of 40 mA/g. However, when discharge rate was increased to 100 or 200 mA/g, the discharge capacity was signifi cantly reduced and the cyclability became worse. The capacities only reached 90 mA·h/g at a rate of 200 mA/g, which was only half of the discharge capacity at a rate of 20 mA/g. Similar results, with a discharge capacity of about 90 mA·h/g observed at a discharge rate of 1 h (1 C), were reported by Ammundsen who commented that the loss of capacity at higher discharge rates is a problem for practical applications [6] . Our results also showed that the reduction of capacity at higher discharge rates was serious. Therefore, we suggest that for practical applications, orthorhombic LiMnO 2 may be more suitable for systems with smaller charge/discharge rates.
Conclusions
Orthorhombic LiMnO 2 nanoparticles and LiMnO 2 nanorods have been synthesized by a one-step hydrothermal method and a two-step hydrothermal method, respectively. LiMnO 2 nanorods displayed a superior electrochemical performance to that of the LiMnO 2 nanoparticles, with higher discharge capacity and better cyclability. This suggests that the morphology of LiMnO 2 plays an important role in its electrochemical performance. Nanorods with one-dimensional electronic pathways facilitate charge and electron transport, and could potentially improve the electrode-filled ratio. We believe that one-dimensional nanostructured materials have great potential applications in the battery electrode materials area. A study of rate capability indicated that orthorhombic LiMnO 2 may be more suitable for systems with smaller charge/discharge rates.
Figure 7
Plots of discharge capacity vs. number of cycles for LiMnO 2 nanorods at different rates
